Transient focal ischemia was produced in rat brain using simultaneous, reversible occlusion of the mid dle cerebral artery (MCA) and both carotid arteries. NADH tissue fluorescence and regional levels of ATP and lactate were measured after occlusion for 1 or 2.5 h and after reperfusion for 1 or 24 h following a 2.5-h insult. Occlusion for 1 or 2.5 h caused a marked but microhet erogenous increase in NADH fluorescence, which was restricted to the MCA territory of the ipsilateral cortex. In this ischemic core, tissue levels of ATP were nearly depleted, while lactate accumulated to 10-13 mmoUkg. Metabolic alterations were less pronounced in regions ad jacent to the ischemic core; however, one border region experienced a progressive increase in lactate between 1
In recent years, several models of focal ischemia in rat brain have been developed employing middle cerebral artery (MCA) occlusion (Tamura et aI., 1981 ; Shigeno et aI., 1985; Chen et al., 1986; Brint et aI., 1988 ). Although regional blood flow and histo pathology have been well documented in these models, less is known about focal alterations of en ergy metabolites. Proximal occlusion of the MCA alone was reported to decrease ATP by 18% in pa rietal cortex and 46% in striatum by 2 h, with fur ther decreases occurring by 48 h (Nowicki et aI., 1988) . In this study, however, regional information was limited by the large size (40 mg) of the areas analyzed. Micromethods have been used to demon strate near depletion of energy metabolites in the ischemic core following proximal MCA occlusion (Selman et aI., 1987) . However, the anatomic vari ability of the ischemic core in this model required the use of a perfusion indicator in each animal. and 2.5 h. NADH fluorescence and metabolite levels were not significantly altered in subcortical structures. In animals reperfused after a 2.5-h insult, NADH fluores cence diminished in the ischemic core to abnormally low levels, ATP was restored only to 37-50% of control, and lactate remained elevated. By 24 h, histologic infarction was evident in the regions with metabolic impairment. These results indicate that focal depletion of energy me tabolites for 2.5 h caused irreversible impairment of en ergy metabolism and focal infarction even though lactate accumulation was moderate. Key Words: ATP-Focal ischemia-Lactate-Middle cerebral artery-NADH flu orescence-Regional metabolites.
Reproducible infarction in the cerebral cortex has been reported in models of distal MCA occlusion combined either with bilateral carotid artery occlu sion (Chen et aI., 1986) or with ipsilateral carotid occlusion in spontaneously hypertensive rats (Brint et aI., 1988) . Regional studies of metabolic alter ation in these models of distal MCA occlusion have not been previously reported, except in preliminary form (Kaplan and Pulsinelli, 1989) . Thus, the objec tive of the present investigation was to determine regional metabolic changes in a model of distal MCA occlusion combined with bilateral carotid ar tery occlusion (Chen et aI., 1986) . Further, to study regional recovery of metabolites during reperfu sion, transient occlusion of all three vessels was employed. Finally, because NADH tissue fluores cence in frozen brain is a sensitive regional indica tor of ischemic change (Welsh and Rieder, 1978; Welsh, 1984) , NADH fluorescence was measured during focal ischemia and reperfusion in sections of frozen brain.
METHODS
Male Wi star rats, weighing 250-350 g, were fed ad lib prior to surgery. The animals were anesthetized with pen-tobarbital (SO mg/kg i.p.), and a catheter was placed in the tail artery to measure blood pressure and gases. A tem perature probe was inserted into the rectum to maintain core temperature at 37.S ± OSC using a heat lamp. Ox ygen was suffused over the nose of the animal to prevent hypoxemia.
Through a neck incision, the common carotid arteries were isolated and ligated using surgical silk. The MCA was exposed on the right side using the surgical approach described by Brint et al. (1988) . The MCA was transiently occluded by placing a stainless-steel hook (80-fLm diam eter) under the vessel and lifting it 1-2 mm above the cortical surface, using a micromanipulator (Brint et aI., 1988) . Subdural temperature was measured in a separate series of animals with a thermistor located over the MCA neocortex. During occlusion, subdural temperature de creased to 34-3SoC despite the maintenance of rectal tem perature at 37.S°C. In the present studies, no attempt was made to prevent the decline of brain temperature. After occlusion for 1 or 2.S h, reperfusion was initiated by low ering the MCA and removing the carotid ligatures. The incisions were closed and annointed with xylocaine. Rec tal temperature was regulated at 37SC for 2 h, by which time the animal was fully awake.
Five groups of rats (four animals per group) were stud ied. In two groups, the brain was frozen in situ following occlusion for 1 or 2.S h, without reperfusion. In another two groups, the brain was frozen after reperfusion for 1 or 24 h following a 2.S-h insult. Finally, in a control group, the brain was frozen in anesthetized but unoperated ani mals.
The brain was frozen in situ by pouring liquid nitrogen into a plastic cup affixed to the head of the anesthetized rat (Ponten et aI., 1973) . After 10 min of brain freezing, the entire animal was immersed in liquid nitrogen until frozen solid. The brain was cut at the level of caudate using a vibrating cast saw, taking care to cool the sections in liquid nitrogen. After polishing the anterior and poste rior coronal surfaces with a chilled metal file, NADH fluorescence was recorded photographically in a liquid J Cereb Blood Flow Metab, Vol. 11. No.3, 1991 nitrogen bath, using previously described methods (Welsh and Rieder, 1978) .
In a glove box refrigerated to -2SoC, the brain was sampled from predetermined areas ( Fig. 1 ) of the oppos ing anterior and posterior coronal surfaces. In the 24-h recovery group, only the anterior face was sampled, the posterior block being saved for histologic staining. Sam ples were removed from a depth of 1 mm, using a squared-off, sharpened 16-gauge syringe needle. The samples were weighed (O.S-1.S mg) at -2SoC and ex tracted with 100 fLl of 0. 1 N NaOH in methanol. After softening at -2SoC, the slurries were combined with 200 fLl O.OS N NaOH, heated for S min at 9SoC, and frozen at -60°C until analyzed.
ATP was assayed in duplicate using luciferin-luciferase (Lust et aI., 1981) . Lactate was assayed fluorometrically using lactate dehydrogenase (Lowry and Passonneau, 1972) .· Histologic sections were cut at a thickness of 20 fLm from the posterior block of the 24-h group, dried on glass slides, fixed in ethanoUformalin/acetic acid (80:S:S), and stained with thionin and acid fuchsin.
Analysis of variance, followed by Dunnett's t test for multiple comparisons (1964) , was used to test the statis tical significance of differences between groups.
RESULTS
Mean arterial pressure was stable during isch emia and repeIiusion and did not differ significantly between groups (Table 1) . Only in the 24-h repeIiu sion group was there a tendency for a small de crease in blood pressure at 30 min repeIiusion. Ar terial blood gases also did not differ significantly between groups and therefore were pooled (Table  2) . Arterial P02 values were high owing to adminis tration of oxygen. Values for Peo2 and pH were in the normal range. Occlusion of the carotid arteries and MCA caused a marked increase in NADH fluorescence in the MCA territory of the neocortex at 1 and 2.5 h ( Fig. 2B and C) . The increase of cortical fluores cence was regionally microheterogenous, often ex hibiting columnar striations (Fig. 2C, arrow) . In creased fluorescence was not observed in subcorti cal structures, with the exception of that at the base of the brain, presumably due to inadequate fixation. During reperfusion, there was no evidence of in creased NADH in the previously ischemic cortex ( Fig. 2D and E) . Rather, a pronounced darkening of fluorescence developed in the ipsilateral MCA cor tex by 24 h (Fig. 2E, arrow) .
Brain levels of ATP and lactate were measured in both hemispheres during occlusion and reperfusion in regions 1-3 ( Fig. 3) and regions 4-7 ( Fig. 4) . At 1 h ischemia, ipsilateral levels of ATP were nearly depleted in the ischemic core (regions 2-4), and lac tate accumulated to 10 mmollkg. In the bordering areas of cortex (regions 1 and 5), ATP levels re mained >50% of control, and lactate increased to only 4 mmol/kg. In subcortical structures of the ip silateral hemisphere (regions 6 and 7), there were minor alterations of ATP and lactate, which did not differ significantly from control values. In the con tralateral hemisphere, metabolite levels were not significantly different from those in control animals. However, in two animals, alterations of ATP in re gions 2-4 of the contralateral cortex at 1 h occlusion increased the variance of ATP in these regions.
At 2.5 h occlusion, tissue levels of ATP and lac tate in the ischemic core (regions 2-4) were not sig nificantly different from those at 1 h. Likewise, in the bordering areas (regions 1 and 5), there were no significant changes in metabolites between 1 and 2.5 h, except in region 5, in which lactate increased from 4 mmollkg at 1 h to 10 mmollkg at 2.5 h. Me tabolite levels in subcortical structures and the con tralateral hemisphere remained at control values.
During reperfusion, tissue levels of ATP were re stored to only 37-50% of control in regions 3 and 4, and lactate remained elevated, even after 24 h. In other areas, including region 2, metabolic restitu tion was more complete, as levels of ATP and lac tate approached control values. By 24 h reperfu sion, there was histologic evidence of infarction, which was restricted to the MCA territory of the neocortex. The size of the infarct varied in different animals, but always encompassed regions 3 and 4.
DISCUSSION
Combined occlusion of the distal MCA and both carotid arteries caused profound metabolic alter ations, which were concentrated in the MCA terri tory of the ipsilateral neocortex. The most severely affected regions were clearly distinguished by the striking increase of NADH tissue fluorescence ev ident in sections of frozen brain. The increase in NADH fluorescence correlated closely with a marked reduction of ATP and elevation of lactate, indicating that the regional pattern of NADH fluo rescence was a reliable guide to areas with severe energy failure. Thus, border regions with smaller changes of ATP and lactate did not exhibit a marked increase in NADH fluorescence.
Within the ischemic core, the increase in NADH fluorescence was regionally microheterogenous, of ten exhibiting columnar striations in the neocortex. The microheterogeneous pattern of NADH fluores cence is similar to that observed in models of in complete, global ischemia (Welsh et aI., 1978a,b) and neonatal hypoxia-ischemia (Welsh et al., 1982b) . The pattern of NADH fluorescence sug gests that the residual flow within the ischemic core was columnar in distribution, although it is conceiv able that columnar variations of metabolic rate may have contributed to the cortical pattern of fluores cence.
Regional metabolic alterations have not been pre viously reported for the model of focal ischemia employed in the present investigation. However, the pronounced depletion of high-energy phos phates and accumulation of lactate to 10 mmol/kg in the ischemic core were similar to those caused by Values are means ± SD, n = 8-16. proximal occlusion of the MCA in rat brain (Selman et al., 1987) . Thus, the magnitude of ischemic met abolic change in the ischemic core was comparable in both models of focal ischemia. These results are in apparent disagreement with the findings of Now icki et al. (1988) , who reported smaller changes in ATP and lactate in samples taken from the ipsilat eral parietal cortex following proximal occlusion of the MCA. However, since comparatively large samples were employed in the latter study, it is likely that some degree of averaging occurred be tween metabolite levels in the ischemic core with those in adjacent tissue. Thus, it is important to employ methods with high regional resolution to ad equately define regional metabolic change in mod els of focal ischemia. The accumulation of lactate in the ischemic core of the present study was limited to 10-13 mmollkg, a level that is well below the threshold (18-20 mmoll kg) considered essential for ischemic infarction (Myers, 1979; Plum, 1983 ). Yet, despite the limited elevation of lactate, infarction was consistently pro duced in regions 3 and 4 by 24-h reperfusion follow ing a 2.5-h insult. It is possible that prolonged ex posure to moderate increments in lactic acid is as detrimental as brief exposure to suprathreshold lev els. Alternatively, the extended period of energy failure may trigger other destructive changes, such as degradation of the adenylate pool (Selman et al., 1987) . Thus, excessive lactacidosis may not be a critical factor in tissue infarction in models of pro longed, focal ischemia. Indeed, an alkaline shift in the ischemic core has been reported (Paschen et al. , 1985) , despite the presumed elevation of tissue lac tate.
Following occlusion for 2.5 h, restitution of en ergy metabolism was markedly impaired in the isch emic core during reperfusion. The impaired recov ery of energy metabolites was similar to that dem onstrated following proximal occlusion of the MCA for 2 h in cat brain (Paschen et al., 1985; Tanaka et al., 1985) and more recently in rat brain (Selman et aI., 1990) . These results indicate that by 2-2.5 h of focal ischemia, metabolic changes have occurred that cannot be reversed by recirculation. However, since blood flow was not measured in the present study, it is not certain whether reperfusion was op timal for tissue recovery. The evidence of infarction at 24 h indicates that the metabolic impairments de tected at 1 h reperfusion were not resolved with longer times of reperfusion. Indeed, we speculate that the irreversible impairment of energy metabo lism present at 1 h reperfusion may have contrib uted significantly to the process of infarction.
Finally, some comment should be made about the abnormally low level of NADH fluorescence that developed in the ischemic core during reperfusion. First, the absence of increased NADH in the isch emic core of reperfused animals indicates that blood flow had been restored to the previously ischemic regions. Areas without reflow retain high levels of NADH for several hours (Welsh et al., 1987) . Sec ond, the diminution of NADH fluorescence in the ischemic core was similar to that observed previ ously in models of transient, global ischemia (Welsh et al., 1980 (Welsh et al., , 1982a and hypoxia-ischemia in neona tal rats (Welsh et al., 1982b) and following transient MCA occlusion in cats (Paschen et al., 1985) . In these previous studies, regions with impaired en ergy metabolism exhibited abnormally diminished NADH fluorescence, suggesting that defective gen eration of NADH may limit the production of high energy phosphates (Welsh et al., 1982a) . Pyruvate dehydrogenase, which is essential for mitochron drial generation of NADH, has recently been shown to be inhibited during postischemic reperfusion (Cardell et aI., 1989; Katayama and Welsh, 1989 ). Thus, it is possible that postischemic inhibition of pyruvate dehydrogenase may critically limit the generation of NADH, thereby causing energy fail ure and tissue infarction. If this is an important mechanism of ischemic infarction, then specific ac tivators of pyruvate dehydrogenase, such as dichlo roacetate, may have a beneficial effect on recovery of brain tissue following ischemia (Katayama and Welsh, 1989 ).
